contributed to this work to a comparable extent.
Introduction
Along the septotemporal axis of the hippocampus, critical differences in synaptic connectivity and molecular expression have been observed (Cenquizca and Swanson 2007; Dong et al. 2009 ). In addition, an increasing amount of evidence suggests a division of labor among different hippocampal subdivisions. Accordingly, the dorsal hippocampus encodes primarily spatial information, and the ventral hippocampus processes also nonspatial, for example, emotional information, while the intermediate hippocampus has been suggested to integrate spatial and nonspatial information and to translate learning into behavior (Moser and Moser 1998; Bannerman et al. 2003; Maurer et al. 2005; Bast 2007 Bast , 2011 Fanselow and Dong 2010) . The integration and coordinated read-out of information require a temporal framework, which is provided by network oscillations occurring at behavior-dependent frequencies (Buzsaki and Draguhn 2004) . Sharp wave-associated ripples (SWRs) occur during resting and sleep and allow the consolidation of memories via the compact replay of cell assemblies (Foster and Wilson 2006; Diba and Buzsaki 2007; Girardeau et al. 2009; Ego-Stengel and Wilson 2010) . Theta oscillations reflect the online state of memory formation and retrieval and allow the coding of spatial information via place cells (O'Keefe 1976; O'Keefe and Nadel 1978; O'Keefe and Recce 1993; Skaggs et al. 1996) . It has been reported that the firing of pyramidal cells and theta in the local field potential (LFP) are gradually shifting in time across the septotemporal axis of the CA1 hippocampus (Hartwich et al. 2009; Lubenov and Siapas 2009; Patel et al. 2012 ). This phenomenon has been referred to as the travelling theta wave (Lubenov and Siapas 2009) .
The generation of network oscillations is mediated by a large diversity of GABAergic interneurons. Distinct types of GABAergic interneuron target different subcellular domains of pyramidal cells and contribute differentially to SWR and theta oscillations in the dCA1 hippocampus (Klausberger and Somogyi 2008) . However, it remains unknown how GABAergic interneurons support the coordination of network oscillations across different parts of the septotemporal axis of the hippocampus. To address this question, we have recorded from identified parvalbumin-expressing (PV+) basket, axo-axonic, and oriens-lacunosum moleculare (O-LM) interneurons in the iCA1 area of anesthetized rats and determined their distinct axonal targets and molecular expression. The analysis of the in vivo firing patterns of these cells during travelling theta waves along dCA1 and iCA1 as well as during SWR oscillations forms the basis for our understanding of how these cell types contribute to the organization of neural activity and, therefore, to the information processing across a dynamic brain area such as the CA1 hippocampus.
Materials and Methods
All animal procedures were performed under licenses approved by the Austrian ministry of Science and in accordance with the relevant regulations of the Medical University of Vienna.
Juxtacellular Recording and Labeling
Experiments were performed on male Sprague Dawley rats (250-400 g) as described previously (Klausberger et al. 2003 (Klausberger et al. , 2005 . Anesthesia was induced with isoflurane and maintained with urethane (1.25 g/kg of body weight; i.p.); additional doses of a mix of ketamine and xylazine (17 and 7 mg/mL, respectively; 0.02-0.1 mL; i.p.) were given as needed to control the level of anesthesia. During anesthesia, the body temperature of the rat was maintained at 37°C with a heating pad, and the heart rate was continuously monitored (aimed to be between 3 and 6 Hz). Two glass pipettes, filled with 1.5% neurobiotin in 0.5 M NaCl solution and a silver wire electrode, were inserted at 2 separate surgery sites to record extracellular neural activity simultaneously from the right dCA1 and iCA1 (from Bregma, dCA1: 3.2 mm posterior, 2 mm lateral; iCA1: 5-6.6 mm posterior and 3-6 mm lateral). The dCA1 electrode was lowered at a 10°caudal-to-rostral angle, until it reached the stratum pyramidale, which is characterized by the occurrence of the largest upward SWR events. The electrode targeting the iCA1 was lowered until the hippocampus was reached (i.e., theta and SWR events were detected) and then slowly further advanced until the isolated action potential of a single neuron could be recorded, as confirmed by consistent spike shape and firing pattern. We aimed at recording the firing patterns of the neuron during SWR events and theta oscillations. After recording neuronal activity for 10-20 min, the neuron was labeled with the juxtacellular technique (Pinault 1996) by applying 200 ms long positive current pulses for about 1-5 min, which entrained and increased action potential firing. After 1-2 h, the rat was perfused for a short time with a 0.9% saline solution followed by a 4% paraformaldehyde, 0.05% glutaraldehyde, and 15% saturated picrinic acid solution.
Brain Processing, Immunohistochemical Analysis, and Cell Identification The brains were cut by a vibratome into 70-µm-thick slices. Several sections where we expected neuronal processes of the recorded cell were chosen to be labeled with Streptavidin conjugated to Alexa Fluor 488 (Invitrogen), aminomethylcoumarin acetate (AMCA) (Jackson Immuno Research Laboratories) or Dylight 488 (Jackson Immuno Research Laboratories). Using an epifluorescence microscope, we then detected the neuronal processes and confirmed whether our labeling attempt had been successful. Based on our observations of dendrite and axon distribution, we performed immunohistochemical labeling for different known neuronal markers of specific neuron types. The markers used in our experiments were investigated with the following primary antibodies: calbindin (raised in rabbit) used at 1:5000 dilution from Swant (Airaksinen et al. 1997) , cholecytstokinin (CCK; raised in guinea pig) used at 1:500 and pro-CCK (raised in rabbit) used at 1:500 dilution from Dr M. Watanabe, Hokkaido University, Japan (labeling patterns as published with other antibodies), PV (raised in mouse) used at 1:5000 dilution from Swant (Constantinople et al. 2009 ), PV (raised in guinea pig) used at 1:2000 dilution from Synaptic Systems (labeling patterns as published with previous antibodies), somatostatin (raised in rat) used at 1:500 dilution from Chemicon (Kubota et al. 2011) , neuropeptide Y (NPY, raised in rabbit) used at 1:2500 from Immunostar (labeling patterns as published with other antibodies), cannabinoid receptor type 1 (CBR1, raised in guinea pig) and CBR1 receptor (raised in rabbit) used at 1:1000 dilution from Dr M. Watanabe (Fukudome et al. 2004) , metabotropic glutamate receptor 1α (mGluR1α, raised in guinea pig or rabbit) used at 1:1000 dilution from Dr M. Watanabe (Alvarez et al. 2000; Nakamura et al. 2004 ), ErbB4 (raised in mouse) used at 1:500 dilution from Thermo Scientific (Chen et al. 1996) , muscarinic acetylcholine receptor M2 (raised in rat) at 1:250 dilution from Chemicon (Levey et al. 1995) , mGluR7a (raised in rabbit) used at 1:500 dilution from Dr. Shigemoto (Shigemoto et al. 1996) , and ankyrin G (raised in mouse) used at 1:2000 dilution from Antibodies, Inc. (labeling patterns as published with other antibodies). Secondary antibodies with the fluorescent labels Alexa 488, AMCA, Cy3, or Cy5 (Jackson Immuno Research Laboratories) were used to visualize the binding location of the primary antibody. In addition, HRP/DAB (horseradish peroxidase/3,3′-diaminobenzidine) reactions allowed a very detailed visualization and investigation of the neuronal structures under a light microscope. Three-dimensinoal reconstructions of the soma, dendrites, and axons were performed using the Neurolucida system (MBF Bioscience) mounted on an Olympus BX 51 microscope, and using an UPlanFL N ×100 oil immersion objective (NA 1.3). The proportion of axo-axonic boutons in direct contact with ankyrin G expressing axon initial segments of pyramidal cells was further analyzed with a confocal microscope (Leica TCS SP5).
Spike, Theta, and Sharp Wave-Associated Ripple Detection For the offline analysis, spikes were detected with in-built functions of Spike2 (version 7.01; Cambridge Electronic Design). The LFP traces were bandpass filtered between 36 Hz for theta periods and 90-200
Hz for SWR events, and the distinct periods were identified with scripts developed in Spike2 by John Tukker (Lasztoczi et al. 2011) . Each detected theta period, and SWR event was inspected by the experimenter and discarded, accepted, or corrected manually. Theta periods were accepted only with several subsequent theta cycles lasting at least 4 s. SWR events were discarded based on the interference of noise and spike artifacts or when they could not be clearly identified as such due to their small power. In order to remove the spike artifact from SWR events recorded in the iCA1 hippocampus, an artifact removal script from Cambrigde Electronic Design was applied to the LFP channel, and then each iCA1 SWR event was checked carefully whether the removal of the spike artifacts interfered with the detection of SWR. Owing to the different recording location ranging from the stratum oriens/alveus border to the stratum pyramidale, the size of the SWR often differed and the small but distinct SWR that could not be detected automatically were defined manually. To compare SWR events between the iCA1 and dCA1, the time difference of each iCA1 SWR event to closest dCA1 SWR event was calculated and binned. The peak of ripple (90-200 Hz) power was taken as the time point for each event.
Analysis of Firing Patterns During Theta Oscillations
The detected spikes and theta periods in Spike2 were further analyzed using MATLAB (7.9.0 R2009b; MathWorks) with scripts developed by the authors (Lasztoczi et al. 2011) . Functions from the Circular Statistics toolbox by Philip Berens (Berens 2009 ) were also used. To determine the phase coupling of individual neurons to theta oscillations, the troughs of the detected theta periods were determined and assigned 360°while the phases in between were obtained by linear interpolation. Each spike was assigned a phase value, binned into 20 phase bins of 1 theta cycle, and significant couplings were statistically ascertained with a Rayleigh' test. Spike counts were converted to firing rates by dividing each bin value by the total duration of theta periods and multiplying it by the bin number. The mean phase angle of single cells and of different cell types was determined with circular statistics. The LFP theta shift between dCA1 and iCA1 was the calculated mean phase offset of iCA1 theta troughs to dCA1 theta troughs. For the phase coupling changes of cell TF26a during theta oscillations, the phase angle of each spike in the theta cycle was calculated and then corrected by adding (subtracting) 360°when the difference to the previous phase angle was greater (smaller) than 180°. Because cell TF26a fired 1 spike per theta cycle, we could visualize if spikes in consecutive theta cycles were advancing or receding. To compare the time interval between spikes and theta cycles, the time between spikes during theta oscillations and the time between theta peaks were calculated and compared.
Analysis of Firing Patterns During Sharp Wave-Associated Ripples
The detected spikes and SWR events in Spike2 were further analyzed in MATLAB (7.9.0 R2009b; MathWorks) with scripts developed by the authors (Lasztoczi et al. 2011) . Spike numbers were detected in 8 bins during the defined SWR and in 12 bins before and after the SWR event. Firing rates during SWR were calculated by dividing each bin number by the total added time of all SWR events and multiplying it by the bin number.
Results
We recorded and labeled interneurons and pyramidal cells in the iCA1 hippocampus of anesthetized rats. There are no established clear borders of the iCA1 hippocampus and many of the changes occurring along the septotemporal axis are often described as gradual (Bast 2007) . We aimed at recording and labeling single cells located at 5-6.6 mm posterior and 3-6 mm lateral from Bregma, corresponding to a more vertical orientation of the CA1 hippocampus (Fig. 1A) , and regarded by most studies as intermediate hippocampus (Fanselow and Dong 2010) . By analyzing the expression of known molecular markers and verifying the dendritic and axonal distribution of the labeled cells, we reported 3 types of identified GABAergic interneuron in the iCA1: PV+ (PV-immunopositive) basket, axo-axonic, and O-LM cells (Table 1) . These cell types have previously been described in the rat dCA1 under similar conditions (Klausberger et al. 2003) . On the basis of many important similarities, we conclude that the same cell types also exist in the iCA1, although we here describe several differences.
Temporal Relations of Theta Oscillations and Sharp Wave-Associated Ripples Between the dCA1 and iCA1
To determine the contribution of the different iCA1 cell types to local network computations and compare their spike-timing to those of previously reported dCA1 cells (Klausberger et al. 2003) , we recorded simultaneously the dCA1 LFP from the stratum pyramidale together with iCA1 neuronal firing and iCA1 LFP from stratum pyramidale or oriens. This approach allowed us also to analyze the coupling of the cell activity to both dCA1 and iCA1 LFP events, including SWR (90-200 Hz) events and theta oscillations (3-6 Hz). We found that, as previously shown (Lubenov and Siapas 2009; Patel et al. 2012) , theta oscillations in the dCA1 and iCA1 were highly coherent but shifted in phase with an average shift of +49°± 19°(dCA1 troughs occurred before iCA1 troughs). Thus, we tested the hypothesis that differences in phase shift increased with the distance from the dCA1 by recording at different locations of the iCA1 hippocampus along the septotemporal axis (Fig. 1A) , and using distance between Bregma and the recording position as a measure. We found that with increasing distance the phase shift between the iCA1 and dCA1 theta oscillations also increased (P = 0.015, r = 0.59, Pearson's correlation; Fig. 1B ). Moreover, we determined the phase of theta oscillations when different cells fired with the highest probability both in dCA1 and iCA1, and found that the same cell was coupled differently to the phases of dCA1 and iCA1 theta. We tested the hypothesis that the shift in LFP theta oscillations between dCA1 and iCA1 in each recording could account for the differences in phase coupling of the cell to both areas. Indeed, the differences in LFP theta shifts were equal, on average, to the difference in phase coupling of the cells to dCA1 and iCA1 theta (P < 0.001, r = 0.96, Pearson's correlation; Fig. 1C) .
We analyzed the co-occurrence of SWR events in the dCA1 and iCA1 and found that 43% of SWR events detected in iCA1 (n = 269) occurred within a 40 ms period surrounding a SWR event detected in dCA1 (n = 428) (Fig. 1D) . Considering a longer time period of 400 ms around dCA1 SWR events, 77% of iCA1 events occurred close to dCA1 SWR events. This analysis might underestimate the co-occurrence of SWR events in the both areas because low-amplitude SWR events might fall below the detection threshold. This might also explain the different numbers of SWR events detected in the 2 areas. However, larger time shifts and differences in the size of SWR events were also observed in some cases ( Fig. 1D and see SWR recordings in Figs 2C, 3C, and 4C). Overall, SWR events occur, on average, at the same time in the dCA1 and iCA1 (Fig. 1D ).
Axonal Arborizations, Dendritic Branching, and Molecular Expressions of iCA1 PV+ Basket Cells Six of the recorded interneurons were identified as PV+ basket cells. All cells expressed the calcium binding protein PV, tested on either dendrites or soma, and had most of their axonal boutons in the stratum pyramidale of iCA1 ( Fig. 2A,E) . The axons of all PV+ basket cells except those of cell TF29a were distributed symmetrically around the soma (see Fig. 2A for TF29a axon distributions). The somata of all PV+ baskets were located in the stratum pyramidale. The dendrites were oriented vertically, with one part reaching into the alveus and the other cone of dendrites reaching into stratum lacunosum-moleculare. The dendrites of some cells hardly entered stratum lacunosummoleculare, while the dendrites of other cells extended into the middle of stratum lacunosum-moleculare. However, the dendrites of cell TF29a reached the hippocampal fissure and exhibited unusual extensive branching in stratum lacunosummoleculare ( Fig. 2A) . Cell TF29a also differed from the other PV + basket cells in its narrow dendritic tree in the stratum radiatum compared with a wider distribution of dendrites of the other iCA1 PV+ basket cells and as shown by dCA1 PV+ basket cells (Klausberger et al. 2003 ).
To further confirm PV+ basket cell identity and test if iCA1 PV+ basket cells can be distinguished from other cell types by their molecular expression profile, we tested for known markers of bistratified cells (somatostatin and neuropeptide Y) and cholecystokinin-expressing (CCK+) cells (CCK and CBR1) for which all the tested cells were negative (Table 1 ). In addition, PV+ basket cells in the iCA1 were tested immunopositive for ErbB4 (Table 1 ; Fig. 2E ).
Firing Patterns of iCA1 PV+ Basket Cells During Sharp Wave-Associated Ripples and Theta Oscillations
The firing patterns of iCA1 PV+ basket cells were analyzed during SWR detected in iCA1 and dCA1. All PV+ basket cells were strongly active during iCA1 and dCA1 SWR (Fig. 2C ) with average firing rates of 53 ± 28 Hz (mean ± SD) and 55 ± 24 Hz during SWR in iCA1 and dCA1, respectively (Fig. 6A,B) . These cells significantly increased their firing rate during SWR and were active during each iCA1 SWR event (Fig. 6C) .
The iCA1 PV+ basket cells were highly active during theta oscillations ( Fig. 2D) with an average firing rate of 18 ± 11.8 Hz and their firing was significantly phase coupled to theta oscillations (for all cells: P < 0.001, Rayleigh test). All cells fired with the highest probability during the late descending phase of iCA1 theta oscillations (mean phase angle 328°; 0°and 360°m ark theta toughs) and early ascending phase (mean phase angle 404°) of dCA1 theta oscillations ( Figs 2C and 7A,B) . Relative to the dCA1 theta cycle as a common reference, the spikes of these iCA1 basket cells occurred significantly later (twosample permutation test, P = 0.013) than the spikes of dCA1 PV + basket cells, reported in Klausberger et al. (2003) .
Axonal Arborizations, Dendritic Branching, and Molecular Expressions of iCA1 Axo-Axonic Cells Two cells were identified as iCA1 axo-axonic cells. Both cells were tested positive for PV and ErbB4 (Table 1; Fig. 3F ). Both axo-axonic cells exhibited the typical axonal cartridges suggesting innervation of axon initial segments of pyramidal cells mostly in the deeper stratum pyramidale and neighboring stratum oriens (Fig. 3A) , and the axons were symmetrically distributed around the soma. To verify the highly specific axonal targeting of these cells, we labeled the axon initial segments of pyramidal cells with antibodies against ankyrin G and showed 
Note: Neurochemical expression profile and position of recorded and labeled interneurons in relation to Bregma. "+" indicates that the cell was tested immunopositive; "−" indicates that no specific immunoreactivity was detected for this cell although other immunopositive structures were observed within the same frame; nc, test was not conclusive; d, tested on a dendrite; s, tested on the soma; a, tested on axon.
they were enwound by the neurobiotin-filled axonal boutons of the labeled cells (Fig. 3E) . We further quantified the targeting of the labeled cells with confocal immunoflourescence microscopy and found that 93% of boutons (434 of 465 randomly sampled axonal boutons) from cell TF31a and 97% of boutons (300 of 310) from cell TF35c were in direct contact with ankyrin G expressing axon initial segments of pyramidal cells. The soma of cell TF31a was located in the stratum pyramidale and the soma of cell TF35c was in the stratum oriens close to the alveus. The dendrites of both cells were oriented mostly vertically to the stratum pyramidale and reached deep into the stratum lacunosum-moleculare where they branched heavily (Fig. 3A) . The dendrites in the stratum oriens reached deeper into the alveus compared with PV+ basket cells.
Firing Patterns of iCA1 Axo-Axonic Cells During Sharp Wave-Associated Ripples and Theta Oscillations
The 2 iCA1 axo-axonic cells fired strongly before the onset of both iCA1 and dCA1 SWR, but decreased their firing rate as the SWR events started ( Figs 3C and 6A ). During occasional SWR that occurred only in dCA1 but not in iCA1, cell TF35c was active (Fig. 3C) . The iCA1 axo-axonic cells were highly active during theta oscillations (average firing rate: 20 ± 5 Hz), firing phase coupled (for both cells: P < 0.001, Rayleigh test) to the mid-descending phase of iCA1 theta and late descending phase/trough of dCA1 theta oscillations (Figs 3C and 7A,B; average of iCA1 mean phase angles: 273°, dCA1: 336°).
Axonal Arborizations, Dendritic Branching, and Molecular Expressions of iCA1 O-LM Cells
Six cells were recorded and identified as iCA1 O-LM cells. The iCA1 O-LM cells showed the largest variability in several respects but were defined as O-LM cells based on 1) their main axon, projecting into the stratum lacunosum-moleculare and heavily innervating this layer; 2) their spiny horizontal dendrites in the stratum oriens; and 3) the expression of mGluR1α, tested in the dendrites or soma (Table 1 ; Fig. 4 ). In addition, the soma of all examined O-LM cells expressed somatostatin and either their dendrites or their soma received mGluR7α expressing synaptic inputs (Table 1 ; Fig. 4F ). Of 5 cells tested, 4 were weakly immunopositive for PV, but cell TF12b was tested immunonegative. Immunoreactions for ErbB4 were negative for 3 cells tested (Table 1) . The positions of the somata varied from the midstratum oriens to the oriens/alveus border. In cells with the soma located in the middle of the stratum oriens, such as TF12b shown in Figure 4A , the dendrites often turned first toward the alveus and then ran parallel to the stratum pyramidale in the stratum oriens. Cells with somata close to the stratum oriens/ alveus border had dendrites running directly horizontally away from the soma. In all cells, the proximal dendrites were smooth and turned with distance increasingly varicose and spiny. The axonal distribution of the different cells varied considerably. The axons extended throughout an unexpected large range along the anteroposterior (average: 1143 ± 176 µm) and dorsoventral (average: 985 ± 103 µm) axis. In 3 O-LM cells (TF12b, TF16b, and TF26a), the somata were located in a similar position within the more anterior and dorsal part of the iCA1 (Fig. 1A) , but their axonal projections showed some variability. Axons of cell TF12b strongly innervated the iCA1 and posterior dCA1/ CA2 and CA3 stratum lacunosum-moleculare but, to a lesser extent, the stratum lacunosum-moleculare posterior to the soma. In contrast axons of cells, TF16b and TF26a did not extend as far into the dCA1, CA2, and CA3 with TF16b innervating more heavily the stratum lacunosum-moleculare in the iCA1 posterior to the soma position. We also observed that cell TF12b showed a weak but consistent innervation of axon collaterals with boutons across the hippocampal fissure into about half of the molecular layer of the dentate gyrus, only very rarely observed in another iCA1 O-LM cell TF26a.
Firing Patterns of iCA1 O-LM Cells During Sharp Wave-Associated Ripples and Theta Oscillations
The firing patterns of iCA1 O-LM cells also showed some variability. Some cells, such as TF12b (Fig. 4C) , were active during some, but not all, SWR and showed a significant coupling to SWR events. In contrast to PV+ basket cells, activated O-LM cells fired only few spikes during SWR and were also less active during irregular hippocampal LFP outside of SWR (Fig. 4C) . Other O-LM cells were not activated during SWR events (Fig. 6) . We were not able to correlate this variable firing during SWR with the variability we found in our anatomical and immunohistochemical analyses. The O-LM cells were coupled to theta oscillations (for all cells: P < 0.001, Rayleigh test), with all cells firing on average with the highest probability during trough/early ascending phase of iCA1 theta (average of mean angles 19°) and midascending phase of dCA1 theta (average of mean angles 54°) but at a lower firing rate than PV basket or axo-axonic cells with 1 or 2 spikes per theta cycle (average firing rate: 3.4 ± 1.4 Hz, Figs 4D and 7A) . The spike-timing of these iCA1 O-LM cells (relative to dCA1 theta as a common reference) occurred significantly later (P = 0.024; two-sample permutation test) compared with the mean firing phase of 3 O-LM cells in the dCA1 area, reported in Klausberger et al. (2003) . Cell TF26a fired usually 1 spike per theta cycle, and we noticed that, occasionally, the spikes changed their theta phase angle from 1 cycle to the next. We investigated whether this change was directional and found that during some theta periods the spike advanced consistently from 1 theta cycle to the next (Fig. 5) . A comparison of the interspike time interval to the time between the peaks of the theta oscillations during the whole recording also showed a significant difference (P < 0.01, Wilcoxon signed-rank test; Fig. 5D ). However, on average, this cell was still coupled to the trough of iCA1 theta oscillations (Fig. 7A,B) .
Firing of iCA1 Pyramidal Cells During Theta Oscillations
We also recorded, labeled, and identified pyramidal neurons in the iCA1 hippocampus. They differed from interneurons in their spike width >1.5 ms and low activity during theta oscillations (average firing rate 1.8 ± 1.5 Hz); in addition, pyramidal cells exhibited thick apical dendrites directed toward the stratum lacunosum-moleculare, where they formed a wide apical tuft of spiny dendrites. Consistent with recent reports describing different types of pyramidal cells (Klausberger 2009; Mizuseki et al. 2011; Graves et al. 2012) , we also observed pyramidal cells with different characteristics in the iCA1, suggesting that they might belong to different types. In order to compare our findings to previous reports, we treated the pyramidal cells as one group and included only those 10 cells that were coupled significantly to theta oscillations (for all cells: P < 0.05, Rayleigh test). Those cells showed some variability in their phase coupling and their activity during theta but were coupled on average to the trough/early ascending phase of iCA1 theta and mid-descending phase of dCA1 theta (average of mean iCA1 phase angles: 42°, dCA1: 58°; Fig. 7) , consistent with previous reports on iCA1 and dCA1 pyramidal cells (Hartwich et al. 2009; Patel et al. 2012) .
Spike Timing Across the Dorsal and Intermediate CA1 Hippocampus The simultaneous recordings and the coherence of theta oscillations in the iCA1 and dCA1 allowed us to combine our findings with data from dCA1 (Klausberger et al. 2003 ) and propose a model of the timing of interneurons during travelling theta oscillations across the dCA1 and iCA1 (Fig. 7C) . This model represents a snapshot of 1 theta cycle and the firing patterns of 3 types of interneuron in relation to pyramidal cells in the dCA1 and iCA1 and is based on 3 observations made here: 1) Theta oscillations of the LFP in iCA1 are shifted in time reflecting the average lag in phase of +49°, which we measured in the iCA1 compared with the dCA1 theta phase.
2) The temporal sequence of mean firing of distinct cell types is the same in dCA1 and iCA1 during theta oscillations: first axo-axonic cells fire, followed by PV+ baskets, and then O-LM and pyramidal cells discharge.
3) The firing of distinct iCA1 neurons is shifted in time relative to the mean firing phase of the The spike-to-spike interval from all theta periods is shorter than the theta peak-to-peak interval (P < 0.01, Wilcoxon signed-rank test).
corresponding cell types in the dCA1. These findings indicate that, in a travelling theta wave, the entire local microcircuit consisting of pyramidal cells and distinct types of interneurons shift concertedly across different parts of the septotemporal axis.
Discussion
From the data obtained in this study, we conclude that distinct types of GABAergic interneurons contribute differentially to neuronal timing across the dCA1 and iCA1 hippocampus. We found that SWR events occur, on average, simultaneously in dCA1 and iCA1; in contrast, theta oscillations are coherent but shifted in phase. Distinct types of iCA1 interneuron contribute differentially to SWR events also in the iCA1. During theta oscillations, a defined firing sequence of distinct interneuron types is shifted in time between dCA1 and iCA1 governing the formation of a travelling theta wave across the septotemporal axis of the CA1 hippocampus. These data indicate that the cell type-specific firing of GABAergic interneurons provide the temporal frame for local oscillations as well as the coordination across the hippocampus.
Temporal Organization of Sharp Wave-Associated Ripple Activity Across the dCA1 and iCA1 Hippocampus SWR events in the CA1 LFP reflect highly synchronous input from the CA3 area and spiking activity of local neurons (O'Keefe and Nadel 1978; Buzsaki et al. 1983 Buzsaki et al. , 1992 Schomburg et al. 2012 ), but it is not known how these events are organized along the septotemporal axis. In our recordings, we observed that the majority of iCA1 SWRs occurred around the same time as the SWR events in the dCA1. In the few cases in which we observed a difference between dCA1 and iCA1 SWR, the cells exhibited their typical SWR firing patterns during iCA1 but not the offset dCA1 events. It is possible that, during irregular LFP activity, the same general mechanism opens temporal windows for SWR events to occur across the dCA1 and iCA1, then the SWR can manifest locally recruiting cell assemblies and are organized by interneurons within an area. The firing patterns iCA1 PV+ basket and axo-axonic cells during This shift in spike-timing corresponds to the detected shift in theta oscillations in the dCA1 and iCA1 LFPs. Bold lines mark the average phase angle for each cell type, regular lines mark the mean phase angles for individual cells, and shadowed areas mark the range of mean phase firing for each neuron type. For pyramidal cells, the overall mean firing phase is indicated. Data for dCA1 interneurons and pyramidal cells were reported in Klausberger et al. (2003) .
SWR was similar to previous dCA1 recordings. PV+ basket cells are highly active and thereby contribute to the high-frequency oscillations, while axo-axonic cells are inhibited and thereby release CA1 pyramidal cells from inhibition (Klausberger et al. 2003) . In the dCA1, O-LM cells are inhibited during SWR events in anesthetized rats (Klausberger et al. 2003) , which differ from the variability in the response of the iCA1 O-LM cells described here. However, in the dCA1 of drug-free mice and in slices, O-LM cells have been described as occasionally activated during SWR events (Varga et al. 2012; Pangalos et al. 2013) . It cannot be excluded that the variability we observed in the iCA1 could be due to a greater sensitivity of O-LM cells to the precise level of anesthesia explaining why some cells remained silent and others were activated during SWR events. Our observations, nevertheless, support that iCA1 O-LM cells do not have a fixed response during all SWR events such as PV + basket or axo-axonic cells, but might be sometimes recruited to facilitate CA3 input (Leao et al. 2012 ).
Travelling Theta Wave and Theta Phase Coupling of Interneurons Across the dCA1 and iCA1 Hippocampus Theta oscillations are thought to play an important role in the encoding of information by defining a temporal window during which space is represented by the highly organized timing and firing rate of pyramidal cells (O'Keefe and Nadel 1978; Soltesz and Deschenes 1993; Skaggs et al. 1996; Buzsaki 2002) . This raises the question about the implications of traveling theta oscillations on information processing and representation in the CA1 hippocampus. The hypothesis has been put forward that the traveling theta wave increases the information content to downstream targets of the CA1 by representing a segment of space, rather than a single location, at each time point (Lubenov and Siapas 2009) . Our analysis of the timing of neural activity allowed us to test how distinct types of GABAergic interneuron, which are considered as the major rhythm generators in the CA1 hippocampus, contribute to traveling theta waves. We found that during theta oscillations the firing of the interneuron types and pyramidal cells is shifted together with the shift in LFP theta oscillations across the dCA1 and iCA1 hippocampus. The temporal order of the firing of distinct interneuron types is preserved in the iCA1 suggesting that similar mechanisms of the local circuitry are operating in the dCA1 and iCA1. However, this interneuronal building block of a theta cycle is gradually shifting in phase across the septotemporal axis pointing to a higher level organization of local circuits in space and time in the CA1 hippocampus. This indicates that a downstream read-out of the hippocampal information can differentiate between information originating from different septotemporal parts of the CA1 based on the theta-related timing.
A mechanism that has been put forward and could generate traveling theta oscillations is based on coupled intrinsic CA1 theta oscillators (Lubenov and Siapas 2009) . Although theta oscillations are thought to be mainly driven by inputs from the medial septum, diagonal band of Broca, and the entorhinal cortex (Bland and Oddie 2001; Buzsaki 2002) , intrinsic theta oscillations can arise in in vitro preparations of whole hippocampi without any extrahippocampal inputs (Goutagny et al. 2009 ). In such preparations during the blockade of synaptic transmission along the septotemporal CA1 axis, multiple theta oscillators with different frequencies arise along the septotemporal axis. Therefore, intrinsic theta oscillations that are driven by feedback networks of pyramidal cells and GABAergic interneurons (Goutagny et al. 2009 ) might contribute to the theta wave. In our results, we also present the O-LM cell TF26a that consistently fired for long time periods at a higher frequency than the concurrent LFP theta oscillations, indicating the presence of intrinsic oscillators of different frequencies within the CA1 network.
Conclusion
We have investigated GABAergic networks in the iCA1, which allowed us to determine how dynamic network activities are organized by the different network components, namely the different GABAergic interneuron types and pyramidal cells. Previous studies have shown that different interneuron types temporally divide the activity during theta oscillations. Here, we have shown that the shift in phase of theta oscillations is linked to a corresponding shift of the spike timing of entire GABAergic networks composed of PV+ basket, axo-axonic, and O-LM cells. This further supports the relationship between the temporal division of network activity by interneurons and their control of the timing of pyramidal cells within theta oscillations. The iCA1 is also a functionally important structure as it receives spatial information but also mixed nonspatial sensory (e.g., olfactory) information from the intermediate band of the entorhinal cortex (Burwell 2000) . Place fields gradually increase in their size along the septotemporal axis (Maurer et al. 2005; Kjelstrup et al. 2008 ) but decrease in size and increase in number in the iCA1 during the presentation of nonspatial information such as 3D objects placed into an environment (Burke et al. 2011) . The temporal and axo-dendritic specificity of distinct types of iCA1 interneurons may serve these integrative functions of the iCA1 hippocampus by providing a dynamic and flexible GABAergic control for the local network operations.
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